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We calculate the second-order correlation function for the atomic fluorescence in the two-photon
resonance operation of a driven dissipative Jaynes-Cummings oscillator. We employ a minimal four-
level model comprising the driven two-photon transition alongside two intermediate states visited
in the dissipative cascaded process, in the spirit of [S. S. Shamailov et al., Opt. Commun. 283, 766
(2010)]. We point to the difference with ordinary resonance fluorescence and reveal the quantum
interference effect involving the intermediate states, which is also captured in forwards photon
scattering.
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The persistence of photon blockade is an exemplary
property of the driven dissipative Jaynes-Cummings (JC)
interaction substantiating the strong-coupling one-atom
“thermodynamic limit” in which quantum fluctuations
are in continual disagreement with the semiclassical sys-
tem response [1]. Photon blockade refers to a term coined
more than two decades ago [2] to describe a situation
where the absorption of n photons blocks the absorption
of any additional photon due to the presence of an ap-
preciable excitation-dependent frequency detuning. The
experiment of [3], realizing strong coupling between a mi-
crowave field and a superconducting qubit, focused on
the nonlinear response of the vacuum Rabi resonance
which splits into a doublet at high driving powers. A
splitting of that kind, unique to the one-atom vacuum
resonance, is a result of the Rabi oscillation induced by
the drive between the ground and first excited dressed
state of the JC interaction, forming an effective two-level
system [4]. A two-state truncation of the Hilbert space
comprising the two aforementioned levels was employed
in [5] to model the saturation of the vacuum Rabi reso-
nance. This analysis of the two-state behavior predicts a
Mollow triplet spectrum [6] for the axially as well as for
side-scattered light due to the so-called dressing of the
dressed states (see Sec. 13.3.3. of [7]), together with the
photon antibunching and squeezing encountered in the
ordinary free-space resonance fluorescence (see Sec. 2.3.6
of [8]). Extending now to the two-photon resonance, the
authors of [4] used a four-state truncation to study the
spectrum and intensity correlations of the axially trans-
mitted spectrum demonstrating the transition between
extreme photon bunching to antibunching as the tran-
sition saturates. On the experimental front, the recent
implementation of two-photon blockade and the viola-
tion of the Cauchy-Schwarz inequality for the intensity
correlation function of the axial light in a cavity QED
setup [9] constitutes and important advancement in the
investigation of multi-photon quantum nonlinear optics.
The second-order coherence of side-scattered light in
the weak excitation limit of single-atom cavity QED
presents substantial differences from free-space resonance
fluorescence (see Sec. 16.1.5 of [7]). Here we take the
topic of nonperturbative cavity-induced modifications to
the atomic emission further by examining the intensity
correlations of side scattering in the photon-blockade op-
eration of the JC oscillator. The system density matrix ρ
for the driven dissipative JC interaction obeys the Lind-
blad master equation (ME)
dρ
dt
= −i[ω0(σ+σ− + a†a) + g(aσ+ + a†σ−), ρ]
− i[εd(aeiωdt + a†e−iωdt), ρ]
+ κ(2aρa† − a†aρ− ρa†a)
+
γ
2
(2σ−ρσ+ − σ+σ−ρ− ρσ+σ−),
(1)
where a and a† are the annihilation and creation opera-
tors for the cavity photons, σ+ and σ− are the raising and
lowering operators for the two-level atom, g is the dipole
coupling strength, 2κ is the photon loss rate from the cav-
ity, and γ is the spontaneous emission rate for the atom
to modes other than the privileged cavity mode which is
coherently driven with amplitude εd and frequency ωd.
Throughout our analysis we take
g/κ≫ 1, εd/g ≪ 1 and γ = 2κ. (2)
This assumption places us in the low-excitation regime of
very strong light-matter coupling where the energy lev-
els of the excited JC couplets, En,± = n~ω0±
√
n~g, are
prominently split in relation to their width, admitting
only perturbative correlations due to presence of the ex-
ternal drive. Multi-photon resonances follow the appear-
ance of the vacuum Rabi peak in the spectrum as the
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FIG. 1. Schematic diagram of the four-level model. The two-
photon Rabi frequency Ω arises from a perturbative treatment
due to the dressing of the dressed states by the drive. The
dynamical evolution of the system described by this minimal
model is governed by the effective ME (9).
drive amplitude is increased. The resonances first mani-
fest themselves as sharp lines and subsequently saturate
—a characteristic feature of a driven effective two-state
system. In this work, we focus on the two-photon res-
onance, expressing the ME (1) in a truncated Hilbert
space comprising the first four dressed JC states for low
excitation. The JC dressed states between which tran-
sitions occur are depicted in Fig. 1 (see also Fig. 1 of
[9]),
|0〉 ≡ |0,−〉 , (3)
|1〉 ≡ 1√
2
(|1,−〉 − |0,+〉), (4)
|2〉 ≡ 1√
2
(|1,−〉+ |0,+〉), (5)
|3〉 ≡ 1√
2
(|2,−〉 − |1,+〉), (6)
where |n,±〉 ≡ |n〉⊗|±〉, |n〉 is the Fock state of the cavity
field, while |+〉 , |−〉 are the upper and lower states of the
two-level atom, respectively. Transitions to higher levels
of the JC ladder are assumed far from resonance. Fur-
ther to the common picture of multi-photon resonances
depicting the steady-state solution of Eq. (1) for the
photon number, 〈a†a〉ss, we give an example of the op-
eration at the two-photon resonance as displayed on the
two-level atom in Fig. 2; the steady-state solution of
the ME (1) for the two-level inversion is plotted above
the projection of the atomic trajectory on the equatorial
plane of the Bloch sphere for a single realization unravel-
ing the ME (1). Upon increasing the drive amplitude, we
find that the resonance corresponding to n = 2 broadens
while its peak shifts towards more negative detunings.
We now transform ME (1) into a frame rotating by the
driving frequency, ρ→ UρU †, with U = exp[i~ωdt(a†a+
σ+σ−)]. In this frame, the states |0〉 and |3〉 are degener-
ate and have zero energy when driving at the bare two-
photon resonance, ωd−ω0 = −g/
√
2, while the states |1〉
and |2〉 are retained despite being off-resonant since they
are visited in the cascaded dissipative process. Keep-
ing terms up to second order in the drive amplitude, we
write the effective Hamiltonian in the rotating frame as
(see Ch. 3 of [10])
H˜eff(E) = PH0P + εdP(a+ a†)P
+ ε2dP(a+ a†)Q(E −QH0Q)−1Q(a+ a†)P ,
(7)
where H0 ≡ ~(g/
√
2)(a†a + σ+σ−) + ~g(aσ+ + a
†σ−)
and E is the energy of a particular level, for which a
perturbative correction is sought. In the Hamiltonian of
Eq. (7), P projects onto the subspace with energy E,
and Q = I − P . The states |0〉 and |3〉 are then coupled
via non-diagonal matrix elements as
〈3|H˜eff(E = 0)|0〉 = −
∑
k=1,2
ε2d
Ek
〈3|(a+ a†)|k〉 〈k|(a+ a†)|0〉
= 2
√
2
ε2d
g
≡ Ω.
(8)
Likewise, we find perturbative corrections to the ground
state energy and the intermediate couplet-state energies.
Making the secular approximation in the limit of strong
nonperturbative coupling (g ≫ κ, γ/2) leads to the fol-
lowing effective ME when transforming back to the lab-
oratory frame [see also Eq. (18) of [4]]
dρ
dt
= Lρ ≡ −i[H˜eff , ρ] + Γ32D[|2〉〈3|](ρ) + Γ31D[|1〉〈3|](ρ)
+ ΓD[|0〉〈1|](ρ) + ΓD[|0〉〈2|](ρ),
(9)
where
H˜eff ≡
3∑
k=0
E˜k|k〉〈k|+ ~Ω(e2iωdt|0〉〈3|+ e−2iωdt|3〉〈0|),
(10)
with the following shifted energies for the four states
dressed by the drive,
E˜0 = E0 + ~δ0(εd) = ~
√
2ε2d/g, (11)
E˜1 = E1 + ~δ1(εd) = ~{ω0 − g − [(20 + 19
√
2)/7]ε2d/g},
(12)
E˜2 = E2 + ~δ2(εd) = ~{ω0 + g + [(20− 19
√
2)/7]ε2d/g},
(13)
E˜3 = E3 + ~δ3(εd) = ~(2ω0 −
√
2g −
√
2 ε2d/g). (14)
(15)
In the effective ME of Eq. (9), D[X ](ρ) ≡ XρX† −
(1/2){X†X, ρ}, and
Γ31 ≡ γ
4
+ (
√
2 + 1)2
κ
2
=
γ
4
[1 + (
√
2 + 1)2], (16)
3Γ32 ≡ γ
4
+ (
√
2− 1)2κ
2
=
γ
4
[1 + (
√
2− 1)2], (17)
Γ ≡ γ
2
+ κ = γ, (18)
are the transition rates between the dressed states com-
prising the four-level model depicted in Fig. 1. In the
dressed-state picture, truncated to the four states under
consideration, the photon annihilation operator and the
atomic lowering operator are
a ≈ 1√
2
|0〉 (〈1|+ 〈2|) + 1
2
[(
√
2 + 1) |1〉+ (
√
2− 1) |2〉] 〈3|
(19)
and
σ− ≈ − 1√
2
|0〉 (〈1| − 〈2|)− 1
2
(|1〉+ |2〉) 〈3| , (20)
respectively. The atomic-excitation operator reads
σ+σ− ≈ 1
2
(|1〉〈1|+ |2〉〈2| − |2〉〈1| − |1〉〈2|+ |3〉〈3|) .
(21)
Since the density-matrix elements corresponding to the
non-diagonal terms in Eq. (21) decay eventually to zero,
the steady-state average atomic excitation is
〈σ+σ−〉ss =
1
2
(p1 + p2 + p3) =
1
2
(
Γ31
Γ
+
Γ32
Γ
+ 1
)
p3
=
3Ω2
2(γ2 + 4Ω2)
,
(22)
where we have used the expressions [pk ≡ (ρkk)ss, k =
0, 1, 2, 3]
p1 =
Γ31
Γ
p3, p2 =
Γ32
Γ
p3, (23)
linking the excited-state occupations as obtained from
the exact solution of the effective ME (9). In the strong-
excitation limit, Ω2 ≫ γ2, we obtain 〈σ+σ−〉ss = 3/8,
which is lower than the maximum value possible for a
driven two-level atom, 〈σ+σ−〉ss = 1/2 (see Sec. 2.3.3 of
[8]). In the weak-excitation limit, γ2 ≫ Ω2, the power
radiated from the atomic fluorescence is proportional to
Ω2 ∼ ε4d, in contrast to the ε2d-dependence of free-space
resonance fluorescence.
Following the attainment of steady state, a photon-
emission event from the two-level atom creates the super-
position (see second term of the atomic lowering operator
in Eq. (20))
|ψsuper〉 = 1√
2
(|1〉+ |2〉), (24)
preparing the system in the following mixed state:
ρcond =
σ−ρssσ+
tr(σ−ρssσ+)
=
2
3
|0〉〈0|+1
3
|ψsuper〉〈ψsuper|. (25)
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FIG. 2. Multi-photon resonances from the perspective of the
two-level atom. The time-dependent two-level atom observ-
ables X(t) ≡ 〈σx(t)〉 and Y (t) ≡ 〈σy(t)〉 are depicted as a
projection onto the equatorial plane of the Bloch sphere in
the course of a single quantum trajectory unraveling the ME
(1). In this trajectory, the detuning (ωd − ω0)/g varies with
time to run through the first three multi-photon resonances
n = 1, 2, 3. The inset at the top depicts the steady-state in-
version of the two-level atom, 〈σz〉ss, as computed from the
ME (1), with three peaks corresponding to the resonances
labeled by n [we observe that the vacuum Rabi resonance
(n = 1) is significantly power broadened]. The open circles
in the equatorial distribution denote the portion originating
from the peak corresponding to the bare two-photon reso-
nance (n = 2) centered at (ωd − ω0)/g = −1/
√
2. The pa-
rameters used are: g/κ = 1000, γ = 2κ and εd/g = 0.04.
The intensity correlation function is obtained by evolv-
ing the above mixed state forwards in time in accordance
with the effective ME (9), evaluating the mean atomic
excitation in the time-evolved state, and normalizing by
the steady-state excitation (denoted by the subscript ss),
g(2)(τ) ≡ 〈σ+(0)σ+(τ)σ−(τ)σ−(0)〉ss〈σ+σ−〉2ss
=
tr
{
[eLτρcond]σ+σ−
}
〈σ+σ−〉ss
=
1
2
[ρ11(τ) + ρ22(τ) − ρ12(τ) − ρ21(τ) + ρ33(τ)]
〈σ+σ−〉ss
,
(26)
with initial conditions set by ρ(0) = ρcond. Two non-
diagonal density-matrix elements feature in the expres-
sion of Eq. (26), ρ12(τ) = ρ
∗
21(τ), which can be deter-
mined independently of the rest in the secular approxi-
mation. They satisfy the equation
ρ˙12 ≡ dρ12
dτ
= −(i/~)(E˜1 − E˜2)ρ12 − Γρ12, (27)
with initial condition ρ12(0) = 1/6. Hence, the quantum
4beat, arising from the superposition of states |1〉 and |2〉
following an atomic emission event, has the following con-
tribution in the intensity correlation function:
gqb(τ) = −γ
2 + 4Ω2
9Ω2
e−γτ cos(ντ), (28)
where ν ≡ 2g + δ2(εd) − δ1(εd) is the beat frequency,
setting the smallest time scale in our problem. The re-
maining density-matrix elements in the expression of Eq.
(26) defining the intensity correlation function obey the
equations of motion
ρ˙00 = γ(ρ22 + ρ11)− iΩ(ρ30e2iωdτ − ρ03e−2iωdτ ), (29)
ρ˙33 = −2γρ33 − iΩ(ρ03e−2iωdτ − ρ30e−2iωdτ ), (30)
ρ˙03 = −(i/~)(E˜0 − E˜3)ρ03 − iΩ(ρ33 − ρ00)e2iωdτ − γρ03
(31)
and
ρ˙11 = −γρ11 + Γ31ρ33, (32)
ρ˙22 = −γρ22 + Γ32ρ33. (33)
Transforming the density-matrix elements as ρij =
e(i/~)(E˜i−E˜j)τρij and exciting the two-photon resonance
including the level shifts with a drive frequency
2ωd = (E˜3− E˜1)/~ = 2ω0−
√
2g+ δ3(εd)− δ0(εd), (34)
eliminates the fast-oscillating terms and brings up the
energy scale defined by the system coupling rates. Based
on the system of equations (29)-(31), we find that the
vector u ≡ (D,D∗,Σ)⊤, where D ≡ ρ03 and Σ ≡ ρ33 −
ρ00 = ρ33 − ρ00, obeys the equation
u˙ = Mu+B, (35)
for B = (0, 0,−γ)⊤ and
M =

 −γ 0 −iΩ0 −γ +iΩ
−2iΩ +2iΩ −γ

 . (36)
The solution of Eq. (35) is
u = −M−1B + exp(M t)u(0) + exp(M t)M−1B, (37)
with u(0) = (0, 0,Σ(0))⊤ and Σ(0) ≡ p3 − p0 = −2/3.
From this last definition, we note that the presence of
the intermediate levels |1〉 and |2〉 prevents the “inver-
sion” of the effective two-level system associated with
the two-photon resonance from reaching the value −1,
as we would expect from a single-atom emission event.
After solving for ρ33 we substitute in Eqs. (32) and (33)
to determine the solution of
ρ˙11 + ρ˙22 = −γ(ρ11 + ρ22) + 2γρ33, (38)
with ρ11(0) + ρ22(0) = 1/3. Collecting the various con-
tributions to the intensity correlation and substituting to
the expression of Eq. (26) we finally obtain
g(2)(τ) = 1 + e−γ|τ |[c1 cos(2Ωτ) + c2 sin(2Ω|τ |)
+ c3e
−γ|τ | + c4 cos(ντ)],
(39)
where
c1 =
γ2 − 4Ω2
9Ω2
, (40)
c2 = − 5γ
9Ω
, (41)
c3 = −1
9
, (42)
c4 = −γ
2 + 4Ω2
9Ω2
. (43)
We note that g(2)(0) = 0, as expected from single-atom
emission since σ2+ = σ
2
− = 0 identically. The last term
on the right-hand side of the correlation function in Eq.
(39) is the quantum beat of Eq. (28). In the limit of
weak excitation, γ2 ≫ Ω2, and for γτ & 1,
g(2)(τ) = 1 +
γ2
9Ω2
e−γ|τ |[1− cos(ντ)], (44)
which shows that large values of the intensity correla-
tion are possible. In contrast to what happens for the
two-level atom, the coefficient of the quantum-beat term
in the intensity correlation function of the light emitted
by the cavity (corresponding to c4) is positive, allowing
for extreme values of forwards-scattered photon bunch-
ing, g(2)→ (0) ≈ 4γ2/(25Ω2) ≫ 1. In the limit of strong
excitation, Ω2 ≫ γ2, we obtain
g(2)(τ) = 1− 1
9
e−γ|τ |[4 cos(2Ωτ) + e−γ|τ | + 4 cos(ντ)].
(45)
Evidence of the semiclassical Rabi splitting due to the
saturation of the two-state behavior arising from photon
blockade is given in Fig. 3 when progressing from frame
(a) to frame (b) [compare also with Figs. 5(b-c) of [4] for
the photon correlations of the axially-transmitted light].
In the latter case, the quantum beat is superimposed on
top of the oscillations induced by the external drive. In
presenting Fig. 3, we have separated the quantum beat
of Eq. (28) —distinguishing the one-photon from the
multi-photon resonances —from the low-frequency terms
comprising the intensity correlation function of atomic
fluorescence. This distinction is largely artificial though.
The term carrying the quantum beat must be kept to
maintain the value g(2)(0) = 0, while for strong exci-
tation it is superimposed with the same amplitude on
the damped semisclassical Rabi oscillation of frequency
2Ω≪ ν.
In this brief report, we have focused on the low-
excitation regime of very strong coupling in one-atom
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FIG. 3. Second-order correlation function of side scatter-
ing for resonant excitation of the two-photon transition. The
function g(2)(τ ) of Eq. (39) is plotted for g/κ = 1000, γ = 2κ
and: (a) εd/κ = 20, (b) εd/κ = 60. We plot the full expres-
sion in green dots, while we use a solid orange line to signify
an averaged-out quantum beat [i.e., without the contribution
of Eq. (28)]. The thick dot marks out the value g(2)(0) = 0.
The results depicted here are in good agreement with those
computed from the full ME (1).
cavity QED where the presence of single photons cre-
ates a significant frequency shift in the spectrum, reveal-
ing the inherent nonlinearity of the JC interaction. In
the operating region where dominant quantum fluctu-
ations shape the response of the driven dissipative JC
oscillator, we have derived an analytic expression for
the second-order coherence function of the side-scattered
light probing the saturation of the two-photon resonance,
which has been explicitly modeled as a cascaded process.
Spectroscopic evidence for the vacuum Rabi mode split-
ting with two photons is given in Fig. 4 of [11] in the
very strong coupling regime of circuit QED, following
the first observation of the two-photon resonance in cav-
ity QED [12]. Since atom-photon superposition states
involving up to two photons are routinely within experi-
mental reach in cavity and circuit QED, we expect that
scattering records of the side-scattered light should be in
position to verify the mixture of semiclassical and quan-
tum features in the intensity correlations of the atomic
fluorescence emanating from a driven multi-photon reso-
nance.
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